Abstract. We report on the mechanisms of hydrogen-induced blistering of multilayer coating. The blister formation is a result of highly-localized delamination occurring at the two outermost metalon-silicon interfaces. The number, size, and type of blisters formed varied depending on the composition and ion energy of the incident flux. The results are explained in terms of the multilayer structure being simultaneously susceptible to blistering via two independent mechanisms. A high density of small blisters developed when relatively energetic (several 100's eV) ions were present. Independently, a hydrogenation process that was facilitated by the presence of a small flux of low energy ions (50 eV) induced a low density of large blisters.
Introduction
Blistering and delamination of materials as a result of direct exposure to energetic (keV) ions is a wellknown phenomenon [1] [2] [3] . The effect is typically associated with stress relief, with the blister formation being localized in a region determined by the mean ion penetration depth. Comparable effects can also be induced with the aid of suitable defect/trap layers. For instance, high energy ion irradiation and implantation followed by low energy plasma-driven hydrogenation has been used to induce delamination of silicon [4] [5] [6] . Blistering and the associated buckling and delamination of deposited thin films [7] [8] [9] is also associated with the relaxation of stress [10] [11] [12] . Hence, a buried compressively strained layer has been used to induce controlled delamination of thin Si layers [13, 14] , with the strained layer acting initially as a preferential trap for vacancies leading ultimately to highly-localized crack formation.
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There have been some reports on blistering related specifically to multilayer (ML) systems [15] [16] [17] . These studies have focused on the formation of blisters under high-energy (33-100 keV) He ion irradiation and are aimed at the development of damage resistant materials for use in harsh environments such as fusion reactors. More recently, damage to ML coatings of a type intended for solar mission instrumentation has been reported as a result of 1 keV hydrogen ion bombardment [18] . Layer detachment resulting in a degradation of the optical performance was observed. Similar damage may be induced as a result of bombardment by solar wind particles (see [18] and references therein). It is necessary to fully understand the processes that underpin such effects in order to facilitate the development of MLs intended for use in such potentially hazardous conditions.
We have investigated the susceptibility of the latter type of ML structure to blistering by comparing the effects of a variety of hydrogen exposure conditions on uncapped Mo/Si ML samples. Various exposures resulted in the appearance of symmetric blisters on the sample surface. These were the result of highlylocalized bilayer delaminations occurring exclusively at the two outmost Mo-on-Si interfaces. The extent and type of blistering observed was strongly dependent on the composition of the incident hydrogen flux.
The samples were unaffected by exposure to neutral hydrogen but exhibited blistering once ions were present. Two distinct blister size distributions are observed. On the basis of correlating the characteristics of the blisters formed with the composition of the incident flux, the ML structure is identified as being simultaneously susceptible to blistering via two separate mechanisms. One is induced by relatively energetic (e.g. 650 eV) ions, while the other is a hydrogenation process that is facilitated by the presence of low energy (50 eV) ions generating a sub-nA current on the sample.
Experimental
The samples investigated were Si-terminated ML stacks consisting of 50 Mo/Si bilayers deposited on an ultra-smooth Si wafer. They were produced by magnetron sputtering, with post-deposition polishing of the individual Si layers by low energy Kr ions [19, 20] . The layer thicknesses were ~3 nm (Mo) and ~4 nm (Si). All samples were exposed to atmospheric conditions after deposition and again after hydrogen Blistering has been observed after exposures using a variety of hydrogen sources. The results shown in this report are for a capillary-type thermal cracker (Oxford Applied Research TC 50); an ion sputter gun (Riber CI-10) and a hot W filament used in conjunction with an independently biased (+50 V) plate (henceforth denoted "W-fil/Plate"). The filament, sample, and plate formed a roughly triangular configuration. When biased, the plate attracted and accelerated electrons emitted from the filament. The resultant electron ionization produced a net positive current on the sample of ~0.1 nA. Thus, the maximum energy that could be attained by ions reaching the grounded sample surface was 50 eV. The capillary cracker is nominally a neutral source. However, it utilizes electron emission heating of a +1 keV biased capillary resulting in the production of ions that generated a net positive current on the sample. For the current exposures the capillary cracker was operated at a power of 55 W with a 1 sccm flow of H 2 .
These conditions produced a current on the sample of ~75 nA. Although the ions in the centre of the beam had a broad energy range (0-1000 eV; measured with a retarding field analyzer), the majority of these ions had a relatively well-defined energy of ~860 eV. For the ion gun exposures the ion energy was ~650 eV and the current generated was ~3.9 A. The experimental conditions specific to the individual exposures are tabulated later in the text when the effects observed for different sources are compared.
Results
Damage to the samples as a result of hydrogen exposure was first evident as a dulling of the original highly-reflective surface that was visible to the naked eye before breaking vacuum (sometimes requiring the aid of a strong light). Atomic force microscopy (AFM) revealed the damage to be due to blister-like structures on the surface. Figure 1 K and continued to increase at a more gradual rate over the course of the exposure. Due to the extended time used for the capillary cracker exposures, the temperature was stable at the maximum indicated for most of the exposure. There was no significant direct heating of the sample by the ion gun. Deliberately heating was applied during this exposure in order to maintain the sample temperature in a range Table 2 gives an estimate of the composition and total fluence of particles incident on the sample surface for these exposures. 
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The ion fluence estimates are based on the drain current measured on the sample plate. For the W-fil/plate and ion gun sources, the H 2 fluences have been derived from the operating pressure in the chamber during the exposures. In the case of the capillary cracker, the H 2 fluence is based on the flow value used and the quoted cracking efficiency of the capillary (50% for H 2 ). In this case, the contribution from the background gas has been neglected. The H fluence for the capillary cracker has also been derived from average over the total sample surface area. However, only the W-fil/Plate source produced damage that appeared uniform. Both the capillary cracker (collimated beam) and the ion gun (ion focusing) have nonuniform flux profiles that resulted in a visible variation in the damage pattern across the surface. For these sources the AFM scans shown in this work were collected in the region of maximum damage (beam centre). Table 3 gives a blister-count and the fraction of the surface covered by blisters for the various exposures.
Blisters are designated as "small" and "large" on the basis of their absolute size and aspect ratio (lateral radius:Z-height). Note that this designation is not specifically based on the absolute dimensions of the blisters but on the relative sizes of the features produced by a given exposure. "Large" blisters are present in all cases, whereas "small" blisters are primarily evident in figure 3 a Blister counts are based on a 25x25 m 2 AFM scan area with the exception of the "small" blister count for the ion gun. Due to the high feature density, this count is extrapolated from a higher resolution 5x5 m 2 AFM image (142 small and 5 large blisters). In all cases, partial blisters appearing on image borders were not counted. http://dx.doi.org/10.1088/0953-8984/24/5/052203 be treated with caution. These features are currently attributed to the onset of "small" blisters, but they might also represent an early stage of "large" blisters development. 
Discussion
In the first instance, the hydrogen-induced blistering of MLs can be attributed to stress-induced delamination resulting from hydrogen incorporation into the stack (see literature cited in the introduction).
The as-deposited Si and Mo layers in the current samples typically have compressive and tensile stress, respectively [21, 22] . Hence, layer stresses and defects that allow blistering to occur are introduced by the deposition processes rather than by specific post-deposition treatment of the sample. The localization of the delamination point can be understood on the basis of vacancy accumulation and subsequent hydrogen trapping effects introduced by compressively strained buried layers [13, 14] . The Si layers in the current The other pathway to blister formation is a hydrogenation process that does not require energetic ions, Blistering induced by hydrogenation is typically dominated by the availability of pre-existing initiation sites since incident particles do not have sufficient energy to generate new initiation sites. In such cases, the number of blisters that can develop should be primarily related to the sample preparation methods and be relatively independent of the total fluence. The "large" blisters seen in figure 3 (a)-(c) are attributed to this process. It is noteworthy that the 3 hour capillary cracker and W-fil/Plate exposures produced a roughly equivalent numbers of large blisters. The 5 hour capillary cracker and ion gun exposures produced noticeably more "large" blisters. However, in both of these cases the blister size analysis is complicated by the presence of double and complex multi-blister structures. This is reflected in the increased scatter in the aspect ratio of the "large" blisters produced by these exposures (see figure
. It is noteworthy these double-/complex-blister structures are only evident on the samples that also exhibit the "small" blisters (i.e. once the influence of energetic ions has manifested). This suggests that there may be an inter-play between the ion-induced and hydrogenation processes. Such an inter-play would also explain the increased number of "large" blisters on these samples. is on the growth rate of large blisters. Hence, the rapid development of very large blisters by the Wfil/plate exposure is a consequence of the high operating pressure. When this source is operated at significantly lower pressures (10 -4 mbar range) it also produces a single distribution of "large" blisters, but these develop at a slower rate.
In the scheme outlined above, the ion gun induces blistering primarily via the ion-induced mechanism and the large ion flux quickly produces a high density of small blisters. There are several noteworthy aspects of the current samples when compared with previous reports on the blistering of materials. One is the ability to efficiently development of blisters using basic laboratory vacuum equipment and relatively benign exposure conditions. This is in contrast to materials that may require high (keV) energies and/or plasma processing in order to induce blisters. Another is the discrete nature and highly self-consistent dimensions of the blisters formed. Equivalent blisters could be induced 
Conclusion
We have demonstrated that hydrogen-induced blistering of ML samples can be strongly dependent on the exposure conditions. Blister formation, which is the result of delamination occurring at the Mo-on-Si interfaces of the two outermost bilayers in the stack, is attributed to a stress-driven delamination of hydrogen-implanted layers. Two distinct pathways to blistering are identified: "ion-induced" and "hydrogenation". The former is the direct result of the presence of relatively energetic (100's eV) ions in the incident flux whereas the latter is facilitated by presence of low-energy (50 eV) ions. The energetic ions can induce new blister initiation sites within the sample. In this case, the number of blisters formed is correlated with the ion fluence received by the sample and there is a threshold to the appearance of blisters. In contrast, the number of blisters formed via "hydrogenation" is dominated by pre-existing initiation sites that are introduced during the deposition process. The individual blister size in this case is correlated with the neutral hydrogen fluence. The results indicate that careful consideration must be given to the composition of the irradiating flux when analyzing the formation of blisters on such structures.
